We have developed a high-throughput x-ray characterization system, which can rapidly screen structure, composition and x-ray scintillation of combinatorial materials libraries using energy-dispersive x-ray diffraction, x-ray fluorescence, and x-ray photoluminescence. This system consists of an x-ray source, a polycapillary x-ray lens, one or two x-ray energy detectors, and a fiber optic spectrometer. A Windows-based software package was also developed to control the measurement system and data acquisition automatically. Examples are also demonstrated to show the applicability of this system.
I. INTRODUCTION
In the past decade, combinatorial materials science has attracted significant attention due to its potential impact on the discovery and optimization of novel functional materials. [1] [2] [3] [4] [5] In combinatorial materials science, parallel synthesis and high-throughput characterization are two equivalently important processes. Scientists from various fields have developed and modified many high-throughput characterization tools, such as scanning evanescent microwave microscopy, scanning spectroscopic microscopy, scanning superconducting quantum interference device ͑SQUID͒ microscopy, nanoindentation, etc., [6] [7] [8] [9] [10] [11] [12] and these efforts had accelerated significantly the development of the combinatorial materials science. However, the lack of appropriate tools for some specific properties is still impeding the application of this efficient methodology.
X-ray diffraction/fluorescence are efficient tools for structure and composition analyses in conventional materials science. However, implementing such analyses to combinatorial materials libraries can be a real challenge. The difficulties come mainly from two aspects. The first is the limited brightness available from a regular x-ray source. As there is no x-ray lens that can efficiently focus an x-ray beam, limited incident x-ray brightness may cause very weak x-ray diffraction/fluorescence from the small sample in a materials library, reducing both analysis sensitivity and accuracy. The second difficulty is the low throughput of the analysis. In conventional angular-dispersive x-ray diffraction ͑XRD͒, a precision -2 scan is very time consuming. Considering that a materials library is usually a two-dimensional ͑2D͒ sample array with a total sample number of up to 10 000, a complete x-ray diffraction experiment on a materials library may involve a 3D scan ͑1D for -2 and 2D for the sample array͒. This could take a total scanning time of a few days to several months, rendering the experiment impractical for routine application.
To overcome these difficulties, many approaches have been proposed and demonstrated in the past years. Isaacs et al. have set up a sophisticated combinatorial x-ray characterization system using a focused synchrotron radiation x-ray beam. 13 Using this system, XRD, x-ray fluorescence ͑XRF͒, and the near-edge x-ray absorption fine structures have been obtained to analyze the structure, the composition, and the chemical state of materials in a combinatorial materials library. Using a zone plate as the x-ray focusing component, researchers from Intematix Corporation developed a microbeam angular-dispersive x-ray diffractometer, MicroX-200. torial x-ray diffraction system ͑D8 Discover with GADDS͒ using a 2D detector. 15 The advantage of the former system is the high intensity of the focused x-ray beam, while the latter benefits from the high efficiency of the 2D detector. Recently, Ohtani et al. designed a concurrent x-ray diffractometer for combinatorial epitaxial thin-film studies. 16 This system utilizes a convergent strip x-ray beam to irradiate a column of samples on an epitaxial thin-film library and the diffracted beam is recorded with a 2D x-ray detector. The advantage of this system is that the x-ray diffractions in a certain angular range from a sample column can be collected simultaneously, and the diffraction patterns of the whole library can be recorded in one line scan along the direction perpendicular to the x-ray beam strip, which indicates a significant efficiency improvement. The disadvantage is that it is only applicable to epitaxial thin-film libraries.
In this paper, we will present a high-throughput x-ray characterization system for combinatorial materials studies. This system uses a polycapillary x-ray lens to focus the divergent x ray from an x-ray source, and one or two x-ray energy detector͑s͒ to record the x-ray fluorescence and x-ray diffraction through energy-dispersive XRD ͑EDXRD͒. As the EDXRD can utilize the entire spectrum of the focused white x ray from 4 to 19 keV and has no moving parts, its potential speed can be expected to be faster than that of current angular-dispersive x-ray diffraction. By comparing signals from two detectors placed at two different angles, EDXRD and XRF signals can be effectively separated and used for further structure and composition analyses. Meanwhile, a fiber optic spectrometer and an optical microscope are also attached to this system to perform high-throughput x-ray scintillation characterization and sample monitoring/ alignment, respectively. We also developed a Windowsbased software package to automatically control the system and data acquisition. Users can input the information about the materials library ͑e.g., sample size, sample separation, row and column numbers inside the library, etc.͒ and have the flexibility to selectively alter the data-acquisition condition for any individual sample through a user-friendly interface, and the measurement process is visualized on a computer monitor. A few test samples were characterized to demonstrate the utility of this system.
II. SYSTEM DESIGN AND SOFTWARE DEVELOPMENT

A. System design
The schematic diagram of this system is shown in Fig. 1 . A 2 kW Cu anode x-ray tube ͑Dandong Radiative Instrument Co., Model XJ10-60N, effective size of the focal spot: 1 mmϫ 1 mm͒ was used as the x-ray source. After locating the x-ray source spot at the front focus of the polycapillary x-ray lens through a careful alignment of the capillary, the divergent white x-ray radiation from the x-ray source is converted into a micro-convergent beam. Shown in Fig. 2 mated from these photographs is about 10 mrad. To further reduce the spot size, a pinhole diaphragm was placed in front of the rear focal point. A typical spectrum distribution of the focused x-ray beam is plotted in Fig. 3 , which will be used as a reference for further quantitative analyses. In this spectral measurement, an Al foil attenuator was used to protect the detector from being saturated. Plotted together in the figure is the spectrum of the x-ray beam directly from the source at the same position without using the polycapillary x-ray lens. From the comparison of the spectra, we conclude that a brightness gain of ϳ17 has been achieved at 8 keV with this polycapillary x-ray lens. The attached video optical microscope and fiber spectrometer probe ͑Ocean Optics Inc., Model SD2000͒ were adjusted to be confocal with the rear focus of the polycapillary x-ray lens. The materials library was mounted on a computer-controlled XYZ stage, in which the X and Y axes were used for sample scan and the Z axis was used for focusing adjustment. The in-focus of an individual sample at the center of the field of view of the microscope was used as the indication of the alignment for this sample, and the probe was used to collect the visible emission caused by the x-ray scintillation. Both diffraction and fluorescence signals were recorded by one or two x-ray energy detectors ͑Amptek Inc., Model XR-100CR͒. A metal tube was used to shield the detector͑s͒ from the scattered x ray. Figure 4 exhibits a photograph of the major parts of this system.
B. Software development
A Windows-based software package was developed to control the whole system, for data acquisition, and to visualize the measurement process. Upon executing, the software first initializes the system and sets up communication with the motion controller, detector controller͑s͒, and fiber optic spectrometer. Users are prompted to input the library's parameters, including the column and row numbers, sample size, sample separations, data-acquisition time, etc. through a user-friendly interface. Then, a grid of dots will be displayed on the computer monitor to represent the materials library as shown in Fig. 5 . The status of the individual sample and the measurement progress are indicated by the color and brightness of the dots: bright red for those sample͑s͒ to be measured, bright green for those sample͑s͒ which are not to be measured, and dark red for those sample͑s͒ whose measurement is finished, respectively. Users can manually edit the measurement conditions for any individual sample by clicking on the corresponding dot and inputting the new measurement conditions in the pop-up subwindow. We define ͑X , Y͒ to be the position of a sample located at row X and column Y from the top-left corner. The sample measurement process is automatically controlled by the software as follows: first, move the ͑1,1͒ sample of the library to the rear focal point of the x-ray polycapillary lens and start the data acquisition; after the data acquisition of the ͑1,1͒ sample is finished, the next sample is moved to the focal point and data acquisition is started according to the input parameters; the above process is repeated until the data acquisition of the last sample is done. Experimental data and the sample information are saved in a text-format file for further analyses.
III. SYSTEM PERFORMANCE AND MODEL TEST
A. EDXRD and structure analysis
According to the Bragg equation,
where d is the lattice constant, is the diffraction angle, is the x-ray wavelength, E is the photon energy of the x ray, and h and c are the Planck's constant and the speed of light, respectively. There are two diffraction measurement modes: angular-dispersive mode and energy-dispersive mode. Almost all current x-ray diffractometers are operated under the angular-dispersive mode. In this mode, the incident x-ray is a monochromatic beam, different d diffracts the incident x ray to a different angle, and a -2 sample-detector scan is required to collect all diffraction peaks. In the energydispersive mode, the detector is fixed at a predetermined diffraction angle, then different d selects a different E from the white x ray to satisfy the diffraction equation:
Since the lattice resolution of the EDXRD obtained from
is lower than that of the angular-dispersive XRD due to the relative low-energy resolution of the available x-ray energy detector, it is only used for those experiments where the diffraction angle has to be fixed due to other reasons. For example, in the crystalline structure study at a high-pressure state using synchrotron radiations, neither the synchrotron radiation nor the diamond anvil cell can be rotated to perform a -2 scan. On the other hand, as there are no moving parts inside the system, EDXRD has the potential for highspeed operation due to the effective utilization of the spectrum of the white x-ray source. 17 We believe that these advantages are also crucial to expedite high-throughput characterization of materials libraries.
To cover a reasonable range of d, was chosen to be 25°a ccording to our estimation. At this angle, the usable x-ray spectrum range ͑4-19 keV͒ spans a d space from 0.77 to 3.7 Å, corresponding to the 2 range from 24°to 180°in the angular-dispersive XRD when using the Cu K␣ radiation ͑ = 1.54 Å͒. This lattice range can cover all strong diffraction peaks for almost all inorganic materials. The lattice resolution estimated from the intrinsic energy resolution of the detector ͑220 eV at 5.9 keV͒ and the beam divergence is about 5%. This value is about one order worse than that from the angular-dispersive counterpart, but is still acceptable for the first-round lattice screening in combinatorial materials studies.
Shown in Fig. 6 is a typical diffraction/fluorescence pattern obtained from a 2 ϫ 2 mm 2 Ag square in a thin-film materials library deposited on a ͑001͒ Si substrate. The thickness of the film is 1 m, and the acquisition time was 10 min. A 0.3 mm diameter pinhole diaphragm was used to limit the x-ray beam size, and the spatial resolution was estimated to be about 0.7 mm. The operation condition of the x-ray generator was 36 kV/ 20 mA.
As the resulting pattern is usually a mixture of x-ray diffraction and x-ray fluorescence, an important issue here is how to effectively separate them. A practical way of doing so is through comparison of two patterns obtained from two different angles. Unlike the diffraction, which depends on the diffraction angle, fluorescence is an intrinsic property of the elements composing the material and does not depend on the angle. Shown in Fig. 7 are two such measured patterns of the above-mentioned sample at 2 of 30°and 50°, respectively. From the comparison, we found that peaks F 1 at 3.1 keV, F 2 at 8.0 keV, and F 3 at 8.9 keV do not change with the angle and were identified to be x-ray fluorescence peaks. The rest of the peaks belong to x-ray diffraction.
After the above peak identification, diffraction peaks in Fig. 6 were further indexed following the standard x-ray diffraction phase identification. Major diffraction lines of Ag ͑PDF#:04-0783͒, including ͗111͑͘2.36 Å͒, ͗200͑͘2.04 Å͒, ͗220͑͘1.45 Å͒, ͗311͑͘1.23 Å͒, ͗222͑͘1.18 Å͒, and the Si 
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substrate ͑PDF#:27-1402͒ ͗400͑͘1.36 Å͒ line showed up. Those fluorescence peaks were attributed to Ag L, Cu K␣, and Cu K␤. The Cu K radiation comes from the scattering of the target's characteristic radiation. This result indicates a possibility to use our system for high-throughput structure and composition characterization of combinatorial materials libraries.
B. XRF and composition analysis
Composition analysis plays an important role in the composition-structure-property relationship study of materials systems. In the last section, we demonstrated that the x-ray fluorescence could be acquired simultaneously with the x-ray diffraction in our system. In this section, we will show how to use this signal to investigate the element distribution in a thin-film library.
Shown in Fig. 8͑a͒ is a photograph of a Tb thickness gradient thin-film library deposited on a Si wafer using the natural deposition gradient by off-axis magnetron sputtering. We measured the Tb L␣ x-ray fluorescence ͑integration time: 10 s͒ every 2 mm a point in the 50ϫ 50 mm area, as indicated by the white rectangle in the Fig. 8͑a͒ , and the result is plotted in Fig. 8͑b͒ .
To relate the fluorescence intensity with the Tb film thickness ͑or the Tb amount͒ quantitatively, absorption calibration is needed. This calibration includes the decay effects of the incident x-ray beam inside the film and the selfabsorption of the fluorescence on exiting the film:
where I 0 ͑͒ is the spectrum distribution of the x-ray incident on the film, ͑͒ is the fluorescence yield, z is the depth of the fluorescence position, ͑͒ is the mass absorption coefficient, is the density of the film, 1 and 2 are the incident and exit angles, respectively. The integration covers the whole x-ray spectrum and the thickness of the Tb film. Substituting in these parameters with values obtained from the International Tables for X-ray Crystallography III, 18 we found that the thickness-calibrated fluorescence intensity is almost linearly proportional to the film thickness. Shown in Fig. 8͑c͒ are the measured fluorescence intensity ͑red dot͒ and the film thickness ͑blue rectangle͒ along the dashed line indicated in Fig. 8͑a͒ , and the black line in Fig. 8͑c͒ is the thickness-calibrated fluorescence intensity. The close agreement of the comparison indicates that this system can be used to perform combinatorial high-throughput composition characterization with reasonable accuracy.
C. X-ray scintillation
X-ray scintillation can also be characterized through the measurement of x-ray photoluminescence using the fiber optic spectrometer attached to our system. A 24-element Y 3 Al 5 O 12 :Tb x powder library was synthesized using the 
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Combinatorial x-ray characterization Rev. Sci. Instrum. 76, 095105 ͑2005͒ low-temperature parallel combustion method. Detailed information on the synthesis of the library will be published elsewhere. 19 Shown in Fig. 9 are the measured x-ray photoluminescence spectra from samples having different Tb concentrations ͑acquisition time: 3 s͒. We saw from the spectra that the branch ratio of Fig. 10 . This effect has been reported by Robbins et al. and was explained using the crossrelaxation model. 20 The successful observation of this phenomenon indicates that our system is also applicable to combinatorial high-throughput x-ray scintillation characterization. Due to the lack of time resolution, this system is unable to characterize the x-ray photoluminescence lifetime, which is also a crucial performance of x-ray scintillators, at this moment. However, we believe that such a characterization can be implemented through using the timing structure of synchrotron radiation and the gated charge-coupled device ͑CCD͒ technique with a variable delay. This issue will be addressed in future.
IV. DISCUSSION
We have demonstrated that EDXRD, XRF, x-ray photoluminescence, and polycapillary-based x-ray focusing technique can be integrated into a single system and used for high-throughput structure, composition, and x-ray scintillation characterizations of combinatorial materials libraries. With the aid of a home-developed Windows-based software package, users can control the measurement system and data acquisition automatically and visualize the measurement process. At present, the acquisition time for each sample ranges from a few seconds to a few minutes, and the limitation for further reduction is still the brightness of the x-ray source. In our upcoming project, we plan to use the white x-ray emission from the synchrotron radiation of Hefei Light Source and expect to reduce the acquisition time to less than a second per sample so that the characterization of a materials library with ϳ1000 samples can be accomplished in about 1 h. 
